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Abstract: 
Because of the ultra-low photon energies in the mid-infrared and terahertz frequencies, 
in these bands photodetectors are notoriously underdeveloped, and broadband single 
photon detectors (SPDs) are non-existent. Advanced SPDs exploit thermal effects in nano-
structured superconductors, and their performance is currently limited to the more en-
ergetic near-infrared photons due to their high electronic heat capacity. Here, we demon-
strate a superconducting magic-angle twisted bilayer graphene (MAG) device that is ca-
pable of detecting single photons of ultra-low energies by utilizing its record-low heat 
capacity and sharp superconducting transition. We theoretically quantify its calorimetric 
photoresponse and estimate its detection limits. This device allows the detection of ultra-
broad range single photons from the visible to sub-THz with response time around 4 ns 
and energy resolution better than 1 THz. These attributes position MAG as an excep-
tional material for long-wavelength single photon sensing, which could revolutionize such 
disparate fields as quantum information processing and radio astronomy. 
 
Introduction: 
The detection of single photons is a key enabling technology in many research areas including 
quantum sensing, quantum key distribution, information processing and radio astronomy. Sin-
gle photon detectors (SPDs) for wavelengths ranging from the visible to near infrared (nIR) 
have already been developed and even commercialized. State-of-the-art SPD technologies rely 
on heat-induced breaking of the superconducting state in nano-structured superconductors 
(SCs). Here, superconducting transition-edge sensors (TES) and superconducting nanowire 
single photon detectors (SNSPDs) have developed into the SPDs with the highest detection 
efficiencies, lowest dark count rates and operation wavelengths up to 10 µm (1–8). However, 
while no theoretical performance limits are evident so far, extending the broadband detection 
of single photons from the nIR to the far-infrared and the terahertz (THz), has yet to be demon-
strated.   
TESs exploit the steepness of the temperature dependent resistance at the superconducting tran-
sition edge, which enables the generation of detectable voltages pulses upon heating electrons 
by absorbed light quanta(4, 5, 9). Because the energy of an absorbed photon is transferred to 
the whole ensemble of electrons, the performance of TESs is determined by the heat capacity 
of the calorimetric materials used. This currently limits the SPD operation of TESs to wave-
lengths below 8µm(10), temperatures below 100mK, and detection times above ~10s(10–13). 
 
 
Strategies to reduce the heat capacity have led to a targeted development of ever-thinner nano-
structured SC thin films and the use of low carrier density SCs so that absorbed heat is shared 
among fewer electrons. However, traditional material fabrication approaches have set these 
developments a limit.  The SC thin films are strongly disordered, polycrystalline, and have 
thicknesses exceeding several nanometres because they are obtained from high-electron-den-
sity SCs by sputtering and etching. 
Preparing SPDs from the newly discovered two-dimensional (2D) superconductor magic-angle 
twisted bilayer graphene (MAG, Fig. 1 a) has the potential to dramatically break through these 
limits. By stacking two graphene layers on top of each other with a relative twist angle between 
them, a “moiré” pattern gives rise to a long-wavelength periodic potential(14). It was shown 
that for a well-defined twist angle of 1.1o , the so-called “magic” angle, flat bands with ultra-
high density of states are formed, and interactions give rise to correlated insulating and dome-
shaped superconducting phases with a Tc > 3K(15–17). Figure 1 (b, inset) shows an experi-
mentally obtained phase diagram of our MAG device. .Resistance R is plotted as a function of 
carrier density n and temperature T. Here the superconducting phase occurs at a record-low 
electron density, as summarized in Figure 1 (b). This density is four orders of magnitude lower 
than in traditional SC thin films used in SPD applications, and at least an order of magnitude 
lower than in other 2D van der Waals SCs. These attributes, together with its thickness of only 
0.6nm and its ultra-high crystallographic quality, make MAG a promising candidate to extend 
SPD operation to previously unimaginable wavelengths in the mid-IR and even THz range. 
 
Results and discussion: 
In this manuscript, we explore the feasibility of preparing energy-resolved SPDs from MAG, 
by estimating its thermal response due to the absorption of single photons. Due to the steep 
temperature dependent resistance at its SC transition edge, photon-generated voltage pulses 
can be directly read out. Figure 1 (a) depicts the schematics of the proposed detector, comprised 
of an electrically contacted 250nm x 250nm superconducting MAG sheet on top of a Si/SiO2 
substrate, which acts as a capacitive back gate for tuning n. As in conventional SCs, the MAG´s 
superconducting gap vanishes at the critical temperature, allowing in principle a broadband 
optical absorption. The challenge becomes the relatively low absorption coefficient of gra-
phene (~2.3%) as well as a small detector area. Fortunately, several approaches have been suc-
cessfully developed and implemented to enhance the absorption of graphene to almost 100% 
by coupling it with photonic crystals(18–20), Fabry-Pérot microcavities(21) or ring resona-
tors(22) for operation at nIR and mid-IR wavelengths, as well as integrations with a planar 
antenna for THz operation(23). Ultimately, optical coupling approaches will be determined by 
the demands of the anticipated application, as no single device architecture can enhance it in 
the broad range from the THz the near-IR. 
 
After an electron absorbs a photon, the energy is thermalized within the electron bath via elec-
tron-electron scattering on a timescale of ~100fs, which is much shorter than the relaxation 
time to thermal equilibrium(24). Hence, photo-excited electrons can be described by a Fermi-
Dirac distribution characterized by an effective (electronic) temperature which is different from 
that of the lattice(24). We start by quantifying the thermal properties of MAG by calculating 
its temperature dependent electronic heat capacity 𝐶௘(𝑇).  Using the continuum model de-
scribed in Ref. (25), we first calculate the single-particle band structure of MAG. As known, 
ultra-flat bands occur close to charge neutrality (red bands in Fig. 2 a, inset). We then extract 
the density of states of the moiré bands and from it calculate 𝐶ୣ(𝑇) (see supplementary note 
1). Figure 2 (a) shows 𝐶௘(𝑇) as a function of temperature 𝑇 for n = 1.1 ∙ 10ଵଶ/cmଶ, which 
coincides with the density of one SC dome. 𝐶௘(𝑇) does not exhibit a feature at the SC phase 
 
 
transition because no microscopic model of interactions was applied in this calculation. Re-
markably, the values of the heat capacity at temperatures close to the SC Tc are extremely small, 
of the order of a few hundred kB, which is 2-3 orders of magnitude lower than in any other 
superconducting single photon detector (exhibiting lowest heat capacities in the range of 104-
105 kB (26)).  
By equating the energy of an incident photon with the absorption-induced increase in internal 
energy ℏ𝜔 = ∫ 𝐶ୣ(𝑇)𝑑𝑇
೘்ೌೣ
బ்
, we can now calculate the temperature increase 𝛥𝑇 of the elec-
trons in the MAG sheet upon photon absorption. Figure 2 (b) depicts the corresponding 𝛥𝑇  as 
a function of photon frequency for different temperatures 𝑇. Remarkably, for 𝑇 ⪅  𝑇௖ , we find 
relatively large values for 𝛥𝑇 on the order of several kelvin for the absorption of mid-IR pho-
tons; and even for photons in the THz and 100-GHz frequencies, 𝛥𝑇 remains sizable, on the 
order of 10-100mK. To achieve an optimum detection performance, a sharp SC transition is 
highly desirable, as it enables detectable voltage pulses to be generated even from weak photon-
induced heat pulses. Figure 2 (c) shows experimentally obtained 𝑅 and 𝑑𝑅/𝑑𝑇 as a function of 
temperature T for optimal doping of the superconducting dome at n = 1.1 ∙ 10ଵଶ/cmଶ. Around 
a critical temperature of 𝑇௖ = 0.65 K, the device exhibits a very sharp transition edge with a 
large resistance change.  
In order to evaluate the intrinsic detector performance, we can extract the photon-induced volt-
age change 𝛥𝑉 across a current-biased MAG sheet (see supplementary note 2). This can be 
achieved by combining the temperature dependent resistivity at the superconducting transition 
with the calculated temperature change 𝛥𝑇 due to the absorption of a single photon. Figure 3 
(a) inset shows the experimentally obtained I/V characteristics of the MAG device, where we 
find a superconducting critical current Ic > 20nA. To maximize 𝛥𝑉, the device is current biased 
just below Ic to I = 20nA. The so-obtained 𝛥𝑉 is shown in Figure 3 (a) as a function of T and 
frequency of the absorbed photon fp. Strikingly, we find relatively large voltage signals on the 
order of tens of µV for a very broad range of photon frequencies, from the nIR all the way to 
~100GHz.  
The lifetime of the voltage pulses is determined by the intrinsic thermal relaxation pathways of 
the thermally excited electrons in the MAG sheet. Here, as is well established for single-layer 
graphene devices(27), we assume that the dominant heat dissipation channels are 1) electron 
interaction with acoustic phonons (𝐺ୣି୮୦ ) and 2) heat diffusion to the electrodes by the 
Wiedemann-Franz law (𝐺୛୊) (27). The corresponding thermal conductivities are plotted in 
Figure 3 (b). In contrast to single-layer graphene, where the electron-phonon interaction at low 
T is relatively small, we find that in MAG 𝐺ୣି୮୦ dominates over 𝐺୛୊ by several orders of 
magnitude at all temperatures. We do not consider cooling via optical phonon scattering be-
cause the energies of hot electrons here are much smaller than those of optical phonons. We 
also ignore radiative cooling (𝐺୰ୟୢ) because 𝐺୰ୟୢ can be estimated to ~𝑘୆ ∙ 𝐵, where 𝐵 is the 
measurement bandwidth, and this yields values which are at least 5 orders of magnitude smaller 
than 𝐺ୣି୮୦ for 𝐵 = 1 GHz (28, 29). 
Having established 𝐺ୣି୮୦ as the dominant heat relaxation mechanism, we obtain the thermal 
relaxation time 𝜏 for different T through the quasi-equilibrium relation 𝐺ୣି୮୦  ∙  𝜏 = 𝐶ୣ, as is 
shown in Figure 3 (b) (see supplementary note 1). Figure 3 (c) shows the transient thermal 
response of the device after photon absorption at a temperature of 𝑇 = 𝑇ୡ for photon frequen-
cies between 0.5 THz and 20 THz (see also supplementary figures 1 and 2). Remarkably, at 
𝑇 = 𝑇ୡ the hot electron distribution relaxes within ~4 ns for all photon frequencies. This is 
orders of magnitude faster than other energy-resolving superconducting single photon detec-
tors, which exhibit recovery times on the order of  tens of microseconds (e.g. in TESs(5)). We 
note that at lower device temperatures the decreasing electron-phonon interaction leads to 
 
 
strongly increasing relaxation times surpassing 100 ns at 𝑇 = 0.3 K and even 1 s at 𝑇 =
0.25 K (compare supplementary figure 1 (a)). 
Depending on the final detector architecture, the fast intrinsic photo-response of the MAG can 
be further processed with broadband low-noise amplifiers, such as HEMT. In the future, we 
can also employ a frequency multiplexed readout, similar to KID, based on the change of the 
kinetic inductance of MAG in a resonator(30). Not only does this allows MAG detector arrays, 
but it also leads to  even higher sensitivities by virtue of lower temperature operation. 
It is also possible to resolve the energy of an absorbed photon from the detector´s transient 
voltage response because the amplitude of that response increases monotonically with increas-
ing photon frequency. At a bandwidth on the order of 1/𝜏 , the energy resolution of a calorim-
eter without feedback is limited by thermodynamic energy fluctuations 〈∆𝐸ଶ〉 = 𝑘஻𝑇ଶ𝐶ୣ (31). 
One can understand these thermodynamic fluctuations in terms of random fluctuations of the 
internal energy of the electron distribution due to its statistical nature as a canonical ensemble 
in thermal exchange with the bath(31). For a given energy E of an absorbed photon, these 
energetic fluctuations cause an uncertainty in the energy measurement which results in a Gauss-
ian distribution of potentially measured energies around E with width ∆𝐸. While for high en-
ergy photons downconversion mechanisms involving optical phonons can further limit the  en-
ergy resolution(32), in our detectors these processes can be largely neglected. This is due to the 
very low energies of THz photons, and the combination of graphene’s ultra-high optical photon 
energies and its weak electron-phonon interaction. 
 
 Figure 4 (a) illustrates the measurement uncertainty with an exemplary histogram of the energy 
distribution that would be generated by detecting one thousand photons at two different ener-
gies. Due to energy broadening, two photon energies can be distinguished only if their energies 
are separated by more than the full width at half maximum of the distribution in E, equal to 
~2.35∆𝐸. Figure 4 (b) shows the energy scale ∆𝐸 = ඥ〈∆𝐸ଶ〉 (red) and the associated relative 
temperature 𝛿𝑇 = ∆𝐸/𝐶ୣ  (blue) of these fluctuations as a function of the device temperature. 
At 𝑇ୡ, the energy fluctuations are on the order of ∆𝐸 ~ 1 meV and the relative temperature 
fluctuations are on the order of 𝛿𝑇 <  0.1 𝑇. Figure 4 (c) shows the thermodynamic fluctua-
tions limited frequency resolution ∆𝑓୮୦ = 2.35 ∙
∆ா
௛
. Before photon absorption (black dashed 
line), we find that our device allows for an energy resolution better than 1 THz, which is on 
par with the most sensitive calorimeters for THz applications (26). Given the large increase in 
electron temperature in response to a single photon (Figure 2 (b)) and the strong temperature 
dependence of 〈∆𝐸ଶ〉, the energy resolution will be inevitably reduced upon absorption of a 
photon. We assume a frequency dependent photon induced effective temperature increase 
𝑇 ୤୤(𝑓୮) to modify 〈∆𝐸ଶ〉(𝑓୮) according to (33). The solid lines in Figure 4 (c, d) show the cor-
responding frequency resolution for the absorption of a photon as a function of temperature 
and photon frequency. While at frequencies higher than 10 THz we see a significant decrease 
in frequency resolution, the resolution in the few-THz regime is not strongly affected and stays 
below 1 THz. Importantly, the relative frequency resolution is always ∆𝑓/𝑓 < 1 (outside the 
shaded area in Figure 4 (d)), allowing frequency resolved single photon detection.   
  
Conclusion: 
In conclusion, we demonstrate a superconducting magic-angle twisted bilayer graphene device 
that has a very high potential application as single photon detector. The two-dimensional, 
highly crystaline nature of the bilayer graphene enables an easy integration of the device into 
THz antennas or microwave resonators. By exploring the device characteristics and theoretical 
detection limits, we find that the system can provide ultra-sensitive single photon detection 
 
 
even in the sub-THz range. Owing to the ultra-low electronic heat capacity of the bilayer gra-
phene, which is 2-3 orders of magnitude smaller than in any other superconducting photode-
tector, we find a remarkably fast response time of ~4 ns as well as an ultra-sensitive energy 
resolution better than 1 THz. The system can provide high-sensitivity single photon detection, 
which is indispensable for a broad range of research areas including quantum information pro-
cessing and the most challenging applications in radio astronomy.  
 
 
 
 
  
 
 
 
Figure 1 | Magic-angle graphene superconducting single photon nano-calorimeter: 
a Schematic illustration of the MAG device. A twisted bilayer of graphene with twist angle of 
1.1 degrees is sandwiched between two sheets of hBN and embedded in a lateral 
gold/MAG/gold photodetector geometry on a Si/SiO2 substrate comprising a local graphite 
gate-electrode (not shown). At low temperatures the sheet resistance drops to zero at optimum 
doping. When a photon of a certain energy 𝐸 = ℏ𝜔 is absorbed the temperature of the MAG 
sheet is driven across the superconducting transition edge, giving rise to a voltage drop propor-
tional to an applied bias current. The voltage response relaxes with the thermal relaxation time 
of the system. b Film thickness and carrier density for different two-dimensional superconduc-
tors and selected thin film superconductors below 10 nm which are commonly used in single 
photon detection applications. The plot includes crystalline 2D superconductors (red circles), 
interfacial 2D superconductors (pink circles), elemental thin film superconductors (blue trian-
gles) and compound thin film superconductors of crystalline (green square) and amorphous 
(light green square) materials as well as MAG (yellow star). The inset depicts the experimen-
tally obtained resistance of our MAG device as a function of carrier density n and base temper-
ature T, exhibiting a variety of phases including metallic, correlated (CS) and superconducting 
(SC) states.  Data for carrier densities is extracted from Refs (34–44). 
 
  
 
 
 
Figure 2 | Intrinsic thermal properties of the MAG device: 
a, Electronic heat capacity as a function of T as calculated from the density of states. The inset 
depicts the calculated low-energy band structure at the magic angle. b, Photon-absorption-in-
duced temperature increase T  of the superconducting dome at n = 1.1 ∙ 10ଵଶ/cmଶ as a func-
tion of the photon frequency for different base temperatures. c, Resistance R (red) and dR/dT 
(blue) of our MAG device at n = 1.1 ∙ 10ଵଶ/cmଶ as a function of temperature T. The inset 
depicts an optical microscopy image of the MAG device. Scale bar is 2 m. 
  
 
 
 
Figure 3 | Photoresponse and relaxation time in magic-angle graphene: 
a, Photon-induced voltage drop V across the MAG sheet at an applied bias current of 20 nA 
as a function of temperature and photon frequency. The white triangles indicate the points of 
maximum voltage response. The inset shows the experimentally obtained I/V characteristics of 
the MAG device.  b,  Thermal conductance contributed by heat dissipation via electron–phonon 
scattering Ge-ph (red) and the Wiedemann Frantz law GWF (blue), and thermal relaxation time 
th (black) as a function of the device temperature. The inset depicts an illustration of heat 
dissipation channels of hot electrons in MAG after photon absorption. c, Transient voltage re-
sponse of the MAG sheet at T = Tc due to the absorption of a photon for frequencies from 0.5 
THz to 20 THz
 
 
 
 
Figure 4 | Thermodynamic fluctuations and energy resolution: 
a, Histogram of the potentially detected energy distribution of photons at two different energies 
after one thousand measurements. Due to the energetic broadening, two photon energies can 
be distinguished only if their energies are separated by more than the full width at half maxi-
mum of the distributions. b, Intrinsic energy scale E of thermodynamic fluctuations (red) and 
associated relative temperature fluctuations 𝛿𝑇/𝑇 (blue) as calculated from the electronic heat 
capacity. c, Frequency resolution ∆𝑓 of single photon detection in MAG in the thermodynamic 
limit as a function of device temperature in the intrinsic case (black dashed line) and corrected 
for absorption of a photon for frequencies from 0.5 THz to 20 THz. d, Corresponding frequency 
resolution ∆𝑓 as a function of absorbed photon frequency for initial temperatures between 0.2 
K and 0.6 K.    
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Supplementary note 1: Calculation of heat capacity and cooling time 
 
To determine heat capacity and cooling time, we start from the kinetic equation in the absence 
of external fields and particle flow for the distribution function of electrons with momentum 𝒌 
and in band 𝜆, 𝑓𝒌,ఒ, i.e.(1) 
𝜕௧𝑓𝒌,ఒ = 𝐼ൣ𝑓𝒌,ఒ൧, (1) 
where the collision integral of the electron-phonon interaction reads 
𝐼ൣ𝑓𝒌,ఒ൧ = 2𝜋 ෍ ෍ |𝑉(𝒒, 𝜈)|ଶ ቄ𝐷𝒌,ఒ;𝒌ᇲ,ఒᇲ  [𝑓𝒌,ఒ൫1 − 𝑓𝒌ᇲ,ఒᇲ൯𝑛𝒒,ఔ − 𝑓𝒌ᇲ,ఒᇲ൫1 − 𝑓𝒌,ఒ൯(𝑛𝒒,ఔ
𝒒,ఔ𝒌ᇲ,ఒᇲ
+ 1)] 𝛿(𝒌ᇱ − 𝒌 − 𝒒) 𝛿(𝜀𝒌ᇲ,ఒᇲ − 𝜀𝒌,ఒ − 𝜔𝒒,ఔ) +  {𝒌, 𝜆 ↔ 𝒌ᇱ, 𝜆′}ቅ.  (2) 
Here 𝑉(𝒒, 𝜈) is the interaction between electrons and the phonon mode 𝜈 (e.g., longitudinal or 
transverse), and 𝐷𝒌,ఒ;𝒌ᇲ,ఒᇲ is the modulus square of the matrix element between the initial and 
final states 𝒌, 𝜆 and 𝒌ᇱ, 𝜆′ of the electronic operator to which the phonon displacement is cou-
pled. For the sake of the definiteness, we will assume the operator to be the electronic density. 
Other phonon models have been addressed in the literature1, but will not be discussed here 
where the focus is to provide an order-of-magnitude estimate for the cooling time. In Eq. (2), 
𝜀𝒌,ఒ and 𝜔𝒒,ఔ are respectively the electron and phonon energies, while 𝑓𝒌,ఒ and 𝑛𝒒,ఔ are their 
distribution functions. In equilibrium, 𝑓𝒌,ఒ (𝑛𝒒,ఔ) is the Fermi-Dirac (Bose-Einstein) distribu-
tion. 
We now assume that  𝑓𝒌,ఒ and 𝑛𝒒,ఔ are the Fermi-Dirac and Bose-Einstein distribution at the 
temperature 𝑇௘ and 𝑇௅, respectively. Each of the two subsystems (electrons and lattice vibra-
tions) are therefore in thermal equilibrium, but the system as a whole is not. To determine the 
rate of heat conduction between them, we now multiply Eq. (1) by 𝜀𝒌,ఒ −  𝜇, where 𝜇 is the 
chemical potential, and we integrate it over 𝒌 and sum over 𝜆(1). Expanding for 𝑇௘ → 𝑇௅, we 
get(1)𝐶 𝜕௧𝑇௘ = Σ (𝑇௘ − 𝑇௅), (3) 
where 
𝐶 =  ෍(𝜀𝒌,ఒ −  𝜇
𝒌,ఒ
) ቆ−
𝜕𝑓𝒌,ఒ
𝜕𝜀𝒌,ఒ
ቇ ൬
𝜀𝒌,ఒ −  𝜇
𝑇௘
+
𝜕𝜇
𝜕𝑇௘
൰  (4) 
is the heat capacity, and  
Σ = − 2 ෍ |𝑉(𝒒, 𝜈)|ଶ  
𝜔𝒒,ఔଶ
𝑇௅
ቆ−
𝜕𝑛𝒒,ఔ
𝜕𝜔𝒒,ఔ
ቇ  Im[𝜒(𝒒, 𝜔𝒒,ఔ)]
𝒒,ఔ
.     (5) 
In Eq. (4),(1) 
 
𝜕𝜇
𝜕𝑇௘
=  −
∑ ൬−
𝜕𝑓𝒌,ఒ
𝜕𝜀𝒌,ఒ
൰𝒌,ఒ  ቀ
𝜀𝒌,ఒ −  𝜇
𝑇௘
ቁ
∑ ൬−
𝜕𝑓𝒌,ఒ
𝜕𝜀𝒌,ఒ
൰𝒌,ఒ
,    (6) 
 
which is obtained by assuming the density to be independent of 𝑇௘ (and fixed, e.g., by an ex-
ternal gate). In Eq. (5),  
Imൣ𝜒൫𝒒, 𝜔𝒒,ఔ൯൧ = −𝜋 ෍ (𝑓𝒌,ఒ − 𝑓𝒌ା𝒒,ఒᇲ)
𝒌,ఒ,ఒᇲ
𝐷𝒌,ఒ;𝒌ା𝒒,ఒᇲ𝛿(𝜀𝒌ା𝒒,ఒᇲ − 𝜀𝒌,ఒ − 𝜔𝒒,ఔ).  (7) 
The cooling time is therefore defined by 𝜏ିଵ = Σ/𝐶. 
 
 
 
We now provide an estimate for the cooling time. Our goal is to approximate Im[𝜒(𝒒, 𝜔𝒒,ఔ)] 
in Eq. (7). To do so, we note that at 𝑇~1 K only phonons with energies of the order of 
4 𝑘஻𝑇~0.3 meV contribute to the integral, thanks to the derivative of the Bose-Einstein distri-
bution which strongly suppresses higher energy excitations. Such energies correspond to pho-
non momenta of the order of 𝑞~0.05 nmିଵ (using a phonon velocity 𝑐௣௛ = 10ସ m/s). Typical 
electron momenta are of the order of 2𝜋/𝐿௠௢௜௥௘~0.1 − 0.4 nmିଵ, i.e. much larger than pho-
non momenta. We can therefore estimate Im[𝜒(𝒒, 𝜔𝒒,ఔ)] in the limit of zero temperature and 
𝑞 → 0. Restricting to the two flat bands, and approximating the matrix element as 𝐷𝒌,ఒ;𝒌ᇲ,ఒᇲ =
1 (which provides us with an upper limit to 𝜏ିଵ), and assuming that the bands are nearly parti-
cle-hole symmetric, after a few manipulations we get 
Imൣ𝜒൫𝒒, 𝜔𝒒,ఔ൯൧ ≅  
𝜋
2
൤𝑓 ൬
𝜔 − 2𝜇
2𝑘஻𝑇௘
൰ − 𝑓 ൬−
𝜔 + 2𝜇
2𝑘஻𝑇௘
൰൨ 𝑁 ቀ
𝜔
2
ቁ,     (7) 
where 𝑓(𝑥) = (𝑒௫ + 1)ିଵ is the Fermi-Dirac distribution and 𝑁(𝜀) is the density of states at 
the energy 𝜀. 𝑁(𝜀) is calculated from the continuum model of Ref. (2). Eq. (5) is then readily 
evaluated with (3) 
|𝑉(𝒒, 𝜈)|ଶ =  
ℏ 𝑔ଶ𝑞
2 𝜌 𝑐௣௛
,    (8) 
where(3, 4) 𝑔 = 3.6 eV, 𝜌 = 7.6 × 10ି଻ kg/mଶ and ℏ is the reduced Planck’s constant. Note 
that, by knowing the expression for the density of states 𝑁(𝜀), the integrals over momenta in 
Eqs. (4) and (6) can be readily recast into integrals over band energies.  
 
Supplementary note 2: Calculation of detector response and energy resolution: 
 
After calculating the electronic heat capacity 𝐶௘(𝑇) for MATBG as a function of temperature 
(supplementary note 1), we calculate the photon-induced temperature increase by equating the 
energy of an absorbed photon 𝐸୮୦୭୲୭୬ with the temperature-induced increase in internal energy 
𝐸୮୦୭୲୭୬ = ℎ ∙ 𝑓୮୦୭୲୭୬ = ∫ 𝐶௘(𝑇)𝑑𝑇
்ౣ ౗౮
బ்
.     (9)  
Here ℎ is Planck´s constant, 𝑓୮୦୭୲୭୬ is the frequency of the absorbed photon, 𝑇଴ is the temper-
ature of the MATBG before photon absorption and 𝑇୫ୟ୶ is the temperature of the MATBG 
directly after photon absorption. Solving for 𝑇୫ୟ୶ as a function of 𝑓୮୦୭୲୭୬ and 𝑇଴ allows us to 
calculate the photon energy-dependent thermal response of the MATBG sheet.  
With the experimentally obtained 𝑅(𝑇)  and the calculated temperature increase 
∆𝑇(𝑇଴, 𝑓୮୦୭୲୭୬) = 𝑇୫ୟ୶(𝑓୮୦୭୲୭୬, 𝑇଴) − 𝑇଴, we calculate the change in the MATBG´s resistance 
upon absorption of a photon. Using a current 𝐼 just below the experimentally obtained critical 
current 𝐼ୡ, we calculate the voltage drop ∆𝑉(𝑇଴, 𝑓୮୦୭୲୭୬) = 𝐼 ∙  ∆𝑅(𝑇଴, 𝑓୮୦୭୲୭୬).  
Due to the fast ~100-fs thermalization time(5) after photon absorption, we assume the rise-time 
of the temperature transient to be instantaneous compared to the subsequent thermal relaxation, 
which we model by an exponential decay with time constant 𝜏 as obtained from the calculations 
in supplementary note 1. The corresponding transient voltage response is then calculated from 
𝑅(𝑇(𝑡)). 
On a timescale of the system´s thermal time constant, the internal energy of a calorimeter in 
thermal equilibrium with the bath fluctuates by an amount 〈∆𝐸ଶ〉 = 𝑘஻𝑇ଶ𝐶 (6). This energy 
scale determines the uncertainty of any given energy measurement in a calorimeter and is such 
regarded as the thermodynamic limit on the energy resolution of the calorimeter.  We take the 
full width at half maximum of the distribution in E as the energetic discrimination threshold to 
distinguish the energies of two incident photons. 
 
 
 
Supporting figures: 
 
 
Figure 1 | Relaxation time in magic-angle graphene: 
a, Relative voltage relaxation after the absorption of a 1-THz photon for different device tem-
peratures. b, Relative voltage relaxation after the absorption of a photon of 1 THz (red) and 10 
THz (blue) for T =Tc.  
 
Figure 1 (a) shows the transient thermal voltage response of the device after photon absorption 
at a for photon frequency of 1 THz for temperatures between 0.25 K and 0.65 K. Remarkably, 
at 𝑇 = 𝑇ୡ the hot electron distribution relaxes within ~4 ns for all photon frequencies. This is 
orders of magnitude faster than other energy-resolving superconducting single photon detec-
tors, which exhibit recovery times on the order of  tens of microseconds. At lower device tem-
peratures the decreasing electron-phonon interaction leads to strongly increasing relaxation 
times surpassing 100 ns at 𝑇 = 0.3 K and even 1 s at 𝑇 = 0.25 K. Figure 1 (b) shows the rel-
ative voltage relaxation after the absorption of a photon of 1 THz (red) and 10 THz (blue) for 
T =Tc. Due to the high temperature increase and the strongly non–linear dependence of the 
sample resistance on the device temperature, the relative voltage relaxation is slower for in-
creasing photon frequency.  
 
 
Figure 2 | Transient relaxation of voltage response: 
a, Transient thermal response of the MATBG sheet at T =Tc  due to the absorption of a photon 
for frequencies from 0.5 THz to 20 THz. b Corresponding transient voltage response according 
to the temperature transient in (a). 
 
Figure 2 (a and b) shows a comparison between the transient thermal response and transient 
voltage response of the device after photon absorption at a temperature of T =Tc for photon 
frequencies between 0.5 THz and 20 THz. While the relative temperature relaxation is almost 
unchanged for increasing photon frequency, the relative voltage response deviates for higher 
photon frequencies due to the higher temperature increase and the strongly non–linear de-
pendence of the sample resistance on the device temperature.   
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